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Abstract
Many breakwaters were damaged due to tsunami actions in Tohoku earthquake in 2011. The local scouring of the gravel mound
at the foot of the breakwater was reported as one of the typical failures. This local scouring on the gravel mound is assumed due
to a large vortex formed by the tsunami overflow. The purpose of this study is to clarify the characteristics of local scouring under
several tsunami overflow conditions. This study conducted hydraulic experiments and numerical simulation. The scale of the
scouring mainly depends on the overflow condition, gravel diameter, and water depth above the mound. This study proposed
some experimental equations that estimate the maximum scoured depth and the width of the scoured topography. Numerical
simulation based on SPH, Smoothed Particle Hydrodynamics, was employed in this study to clarify the interaction between the
large vortex flow on the gravel mound and the deformation of the mound.
© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
Many breakwaters were damaged due to tsunami actions in Tohoku earthquake in 2011. The local scouring of the
gravel mound at the foot of the breakwater was reported as one of the typical failures. After the field survey of
structural damages in Tohoku earthquake disaster, coastal engineers recognize the importance of persistent coastal
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structure that reduces a tsunami inundation on the coastal area. In order to realize the persistent structures, it is
important to understand the mechanism of structural damages under tsunami actions. This study focuses on the failure
of breakwater caused by the local scouring on the gravel mound due to tsunami overflow.
The problem of the local scouring has been studied by many researchers. Farhoudi et al., (1985) said that the local
scouring is a complex phenomenon depending on the flow characteristics. Bormann et al., (1991) showed that the
equilibrium scoured depth was written as the function of velocity, flow depth, and particle size. Among those studies,
their focuses were on the problem of local scouring of the seabed due to storm waves and currents.
Based on above background, this study is intended to investigate the characteristic of local scouring on the gravel
mound under tsunami overflow condition. This study conducts both a hydraulics experiment and numerical
simulation. The numerical simulation is based on a smooth particle hydrodynamics (SPH) model.
2. Model Setup
2.1. Hydraulic Experiment
The experiments were conducted with using a two-dimensional open channel with model scale 1:25. A sub-tank
was set at the end of the channel. The open channel has 0.4m in width and 0.4m in height. The sub-tank also has
1.2m in length, 0.4m in width and 0.7m in height. The flow discharge is controlled in the open channel. The tsunami
flow in the channel drops into the sub-tank as shown in Fig.1, and this plunging flow reproduces the overflowed
tsunami condition onto gravel mound. The tank was filled with water and crushed stone as gravel mound. Four cases
of flow discharge Q=0.015m3/sec, 0.025m3/sec, 0.035m3/sec, and 0.045m3/sec, were employed in order to generate
several tsunami overflow conditions. The height of Zf and water depth above the gravel mound, h1, was also changed
in this experiment. The size of the mound gravel is an important factor that governs the scouring of gravel mound.
Three kinds of crushed stone, d50=10mm, 20mm and 40mm, were tested in this study. The crushed stone was filled
on the bottom of the sub-tank, and its thickness was 0.25m. The size of the scoured topography, its depth and width,
increases gradually with time, and the scoured cross section converges to an equilibrium profile. This study measures
this equilibrium profile as a final scoured cross section. The cross section was measured with point gauge.
2.2. Numerical Model
This study employs SPHysics-2D that is a platform of SPH model. The model is a mesh-free, Lagrangian particle
method that is represented by a set of arbitrarily distributed particles (Liu and Liu 2003). The particles possess
individual properties, and they move according to the governing equations. The discretization of the governing
equations relies on approximating functions at one particle using a weighted average of its neighboring particles.
The cubic splines were used as weighting functions, and the predictor-corrector algorithm was also used to solve the
Ordinary Differential Equations (ODEs). The boundary condition used dynamic boundary conditions developed by
Dalrymple (2007), where the boundary particles are treated as fluid particles.
Fig. 1 Schematic of hydraulic experimental setup
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The main features of the SPH method are described in Monaghan (1982, 1992, 2005), Benz (1990), and Gomez-
Gesteira et al. (2010). In SPH model, the fundamental principle is to approximate any function A(r) by an integral
interpolant:
           (1)
where h is the weighting function smoothing length and     is the weighting function of kernel. In discrete
notation, this leads to the following approximation at interpolation point ,
        (2)
where the summation is taken overall the particles(b) within the region of compact support of the kernel function,
fixed by h. The mass and density are denoted by mb and b, respectively, such that the volume of a particle is Vb
=mb/b and for position vector r = ra, Wab      is the weighting function or kernel between two particles
a and b. Cubic splines were used as weighting functions, and they are define as:
   
      
	      	
  	
(3)
where  and again    . These cubic splines fulfill the properties of a SPH weighting function. They
are polynomials, and they are easier than exponential functions to compute.
The mound structure was considered as the elastic model to describe the gravel stone behavior depending on the
framework of solid mechanics. The momentum equation can be expressed as follows after applying SPH
interpolation theory into the general equation of motion.
=    , (4
The strain rate tensor of a gravel particle has discretized into the SPH formulations as:
           (5)
In order to improve the numerical stability and to damp out such undesirable oscillations, artificial viscosity_ij is
introduced into the momentum equation (4), the artificial viscosity was derived by Monaghan (1992) as follows:
 
      
   
(6)
where,        ,      (7)
 and  are constant and are chosen according to particular applications; C is the sound speed in gravel, which is
calculated from elastic bulk and density as  .
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The interaction between water and gravel was modeled by means of pore water pressure and seepage force. This
study adopted the concept of two-phase flow for soil and water based on Bui et al. 2007, and it was modified for
gravel. When water will pass through the pores of the gravel, it will exert drag force to the gravel. The seepage force
acts on the gravel particle as follows:
 (8)
where is the unit weight of water, n is the porosity and k is the permeability coefficient of gravel. The seepage
force will be introduced into the momentum equation for gravel and water.
3. Analysis and Result
3.1. Local scouring of gravel mound
The flow in the open channel over the breakwater and it plunges into the water. The plunged flow forms a large
vortex, and it scours the gravel mound. The characteristics of local scouring of the gravel mound were investigated
under the combination of overflow discharge and the size of gravel diameter. Fig 2a presents the scoured topography
in the case of different gravel diameter, d50=10mm, 20mm, and 40mm and flow discharge is Q=0.025m3/s. The scale
of the scoured topography decrease with increasing of gravel diameter. The maximum scoured depth is
approximately 0.15m in the case of the smallest gravel diameter, d50=10mm. On the other hand, the maximum
scoured depth is less than 0.05m in the case of the largest diameter, d50=40mm. Fig 2b shows the scoured topography
in the case of different discharges, Q=0.015m3/s, Q=0.025m3/s, Q=0.035m3/s, and Q=0.045m3/s with gravel
diameter, d50=20mm. The scale of the local scouring becomes larger with increasing of flow discharge. The location
of maximum scoured depth changes depends on the flow discharge. With increases of flow discharge, the location
of the plunging point keeps off from the breakwater and the scale of the local scouring becomes larger.
3.2. Estimation of maximum scoured depth
The estimation of the maximum scoured depth on the gravel mound is important to design persistent structure.
Many researchers have proposed the equation. Hoffmans (1998) proposed a formula for the maximum scoured depth
Zsm by applying Newton’s Second Law to the water on the bed of the scoured hole. LI Xia and HOU Ji (2012),
investigated the maximum scoured depth in the gravel channel based on a formula proposed by China GB 50286-98
the design code of levee engineering. Among those equations, Noguchi et al. (1997) proposed an equation (Eq.9)
that estimates the maximum scoured depth at the foot of the seawall due to tsunami backwash. The equation is
proposed for the sand bed material.
Fig. 2 Scoured topography of the gravel mound; (a) in the case of different diameter and Q=0.025m3/s (b) in the case of different
overflow discharges and d50=20mm.
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 	 (9)
where, D is the maximum scoured depth. R is the diameter of the steady vortex formed by the water vein thrust into
the water due to tsunami backwash in onshore side of the breakwater, and it is obtained as follow:
    (10)
where, q is the flow discharge, g is the gravity acceleration, and Zf is the height above the water surface.
Eq. (9) says that the maximum scoured depth, D, is 2.1 times of the steady vortex diameter, R. This proportionality
constant is considered as the function of the size of bed material and water depth above the mound. Fig 3 shows the
relationship between D and R in the case of different gravel diameters. Each regression line has a similar gradient
though the intercepts are different. This study conducted regression analysis to get the gradient and intercept as a
function of form of h1 and d50, and the following equation was obtained.
        (11)
where,         
 and       
  
Fig.4 presents the comparison of maximum scoured depths between the calculated using Eq. (11) and the
measured ones.  It is found that calculated values correlate the measure ones with good accuracy.
Fig. 3 Relationship between maximum scoured depth and vortex diameter.
Fig. 4 Agreement between measured scouring depth and estimated one.
200   Akhmad Adi Sulianto and Keisuke Murakami /  Procedia Engineering  116 ( 2015 )  195 – 202 
3.3. Numerical computation and result
The numerical simulation has been carried out in a rectangular tank with 1.0m depth, 10.0m long and 1.5m high.
An upstream reservoir impoundment depth is defined as hu. The depth, hu, was changed to adjust the same overflow
depth as the experiment. Table 1 presents the impoundment depth set in the numerical simulation.
The water particles have a density, ρ=1000kg/m3 and viscosity, μ=10-3Ns/m2. The gravel particles have properties
where the specific gravity is 2.65, the permeability coefficient, k=0.16m/s, cohesion is equal to zero, friction angle
is 40o and Poisson’s ratio, ν=0.4. Table 2 presents the density, threshold friction velocity, and young’s modulus
elasticity that have been used in this study, based on the study conducted by Panagiotopoulus et al (1994) and Batt
and Peabody (1999). Total number of the particles was 31152. These particles were set in the numerical domain with
the initial smoothing length of 0.025m for the water particles and 0.05m for the gravel ones.
Table 1. The setting of impoundment depth in numerical
Discharge in Experiment
(m3/s)
Overflow depth on the
breakwater (m)
Impoundment depth in
numerical (hu) (m)
0.015 0.058 0.750
0.025 0.064 0.975
0.035
0.045
0.072
0.092
1.050
1.275
Table 2. The particle properties of gravel stone
Diameter of
gravel stone (d50)
(mm)
Density (
(kg/m3)
Threshold friction
velocity (  )
(m/s)
Young’s elastic
modulus (E)
(MPa)
10 1300 3.1 155
20 1250 4.6 160
40 1200 9.9 170
Bore type tsunami was generated by applying the dam-break with sliding gate. The bore type tsunami flows in
the numerical flume, and it overs the breakwater. The initial configuration of the computational domain is depicted
in Fig. 5. The flow over the breakwater plunges into the water, and it forms a large vortex above the gravel mound.
The vortex interacts with the gravel particles, and it causes the deformation of the gravel mound. Fig. 6 shows the
deformation process of the gravel mound in the case of Q=0.025m3/sec and d50=20mm. The flow over the breakwater
plunges onto the gravel mound, and it hit the gravel mound with forming the large vortex. The size of the vortex
becomes larger with the progress of time. The size of the scoured topography also becomes larger. This figure shows
that the generation of scoured topography relates to the size of the vortex. The size of the scoured topography and
the speed of scouring process are different depending on the parameters such as overflowed discharge, gravel
diameter, and water depth above the gravel mound.
Fig. 5 The initial configuration of computational domain.
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Fig. 6 Process of gravel mound deformation due to tsunami overflow at t=55s, 80s, and 105s in the case of Q=0.025m3/s and d50=20mm
For the validation of the numerical result, this study compared the scoured topography with the experiment. Fig.
7a shows the scoured topography in the case of overflow discharge, Q=0.015m3/s and diameter of gravel, d50=10mm.
Fig. 7b also presents the scoured topography in the case of overflow discharge, Q=0.025m3/s and diameter of gravel,
d50=20mm. Those figures show that the agreement between the numerical result and the experiment is fairly good
though the computed results underestimate the measured one. The small disagreement result between the numerical
model and the experiment may be caused by the physical properties of crushed stone such as shape and diameter
used in the experiment, though their properties are uniform statistically. Those individual differences caused the
different of threshold friction velocity, and young’s modulus elasticity while in the numeric model, the properties of
gravel particles are uniform in all particles.
Fig. 7 Scoured topography; (a) case d50=10mm, Q= 0.015m3/s, and (b) case d50=20mm, Q= 0.025m3/s.
Fig. 8 Scoured topography in the case of d50=40mm; (a) Q= 0.035m3/s and (b) Q= 0.045m3/s.
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Fig. 8a shows the scoured topography in the case of d50=40mm with overflow discharges, Q= 0.035m3/s. This
figure shows that the scoured topography obtained from numerical simulation agrees with the experimental result.
The maximum scoured depth and width in the numerical result also agree well with the experiment. Fig. 8b presents
the bigger overflow discharge than Fig. 8a, Q=0.045m3/s.  The agreement between computed result and the measured
one also seems good. The local scouring of the gravel mound due to tsunami overflow was simulated properly using
SPH model.
4. Conclusion
This study confirmed that the scales of local scouring, its maximum depth and length, depend largely on both
overflow discharge and gravel size. The maximum scoured depth becomes larger with the increase of overflow
discharge, and it decreases with the increase of gravel diameter. Based on those experimental data, this study
proposed an equation that estimates the maximum scoured depth while considering the parameters of both overflow
discharge, water depth on the gravel mound and gravel diameter. Fairly good agreement was confirmed between
estimated scoured depths and the measured ones.
The interaction between water and gravel was modeled by means of pore water pressure and seepage force. The
tsunami overflow on the breakwater plunges onto the gravel mound, and it hit the gravel mound with forming the
vortex. The vortex interacts with gravel particles, and it causes local scouring and deformation of the gravel mound.
The validation of the numeric simulation was conducted by comparing the scoured topography between the
experiment and the numerical model. A good agreement was confirmed between the measured scoured depth and
the simulated one using the SPH model.
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